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Abstract
This thesis presents results of a study to investigate the drag reduction properties of riblet film on airfoils
specifically designed for wind turbine applications. The S809 and DU 96-W-180 airfoils were tested with
four different symmetrical V-shaped riblet sizes (44, 62, 100 and 150 µm) at three Reynolds numbers (1,
1.5 and 1.85 million) and at angles of attack spanning the low drag range of the airfoils. The airfoil chord
was 18 in (0.457 m). Tests were run with riblet film covering different chordwise extents of the airfoils in
order to determine the optimal riblet location in terms of drag reduction. In addition to V-shaped riblets,
skipped-tooth riblet configurations were also tested on the DU 96-W-180 airfoil. Results showed that the
magnitude of drag reduction depended on the angle of attack, Reynolds number, riblet size, and riblet
location and was highly airfoil specific. For some configurations, riblets produced significant drag reduction
of up to 5%, while for others riblets were detrimental to airfoil performance and caused an increase in drag.
While no clear trends were observed for riblets on the S809 airfoil, results from the DU 96-W-180 tests
indicated an optimum riblet size of 62 µm for the range of Reynolds numbers at which tests were conducted.
Results also showed that each riblet size performed best at a given Reynolds number with the optimal
Reynolds number decreasing with an increase in riblet size.
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Chapter 1
Introduction
1.1 Riblet Film
Riblet film is a film with grooves cut on the surface that run along the length of the film. The grooves can
be of various shapes and sizes; however, conventionally, riblet film has been manufactured with symmetrical
V-shaped grooves having equal peak-to-peak and peak-to-valley spacing. When applied to an aerodynamic
body with the grooves aligned with the freestream flow, riblet film has been known to reduce skin friction
drag. The cause of the reduction in drag has been a subject of debate; however, it is commonly believed
that the grooves suppress the near wall lateral flow, thereby reducing turbulence formation and hence
reducing skin friction drag. In addition to the conventional symmetrical riblets, riblet film with various
other riblet geometries have also been manufactured and tested. These geometries include the saw-tooth
and skipped-tooth configurations, which unlike conventional riblet films, have varying peak-to-peak spacing
and peak angles. Although there has not been much research on these non-symmetric riblet geometries, it
has been speculated that they perform better than the symmetric type. Figure 1.1 shows a schematic of
riblet film geometry, where h, s and L indicate the peak-to-valley height, peak-to-peak spacing and film
length respectively.
1.2 A History of Riblets
The drag reducing property of riblets was discovered over 30 years ago, as a result of which riblet film has
been actively studied in the past. 3M has been pioneering the development of riblet film technology since
the early 1980s and has provided experimental riblet film to many research centers to study the aerodynamic
performance of riblets. Dr. Robert L. Ash [2] from the Old Dominion University started the ideas related
to riblet film. Early research by Walsh [3] reported a drag reduction of 4–7% using riblets on turbulent
flat plates. Subsequent research observed skin friction drag reduction of the same magnitude in turbulent
boundary layers [4, 5, 6]. A few years after these initial reports, Bechert, et al. [7] published a paper relating
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Figure 1.1: Schematic of riblet film geometry (taken from [1]).
“ribs” on shark skin to riblet film. In more recent studies, Savill [8] discussed the application of riblets to
wind turbines and aircraft.
Most early research dealing with riblets was done on flat plates; however, due to the difference in boundary
layer characteristics of flat plates and airfoils, recent studies have focused on the application of riblet film
to airfoils. A commonly tested airfoil has been the NACA 0012, which is often used for academic research.
Caram and Ahmed [9, 10] tested three riblet sizes (23, 76 and 152 µm) on the NACA 0012 at Re = 250,000
and observed a drag reduction of 13% with the 152-µm riblets. However, this study was done at just one
angle of attack (0 deg) and with the flow tripped near the leading edge at x/c = 10%. Han [11] tested the
same airfoil with 180-µm riblets covering the entire airfoil at a much lower Reynolds number of 17,000 and
36,000 and reported a drag reduction of around 4% and 16% respectively. The drag reduction observed in
this case, however, could have been due to a reduction in the size of the laminar separation bubble caused
by the film as opposed the action of riblets. In another study, Sundaram, et al. [12] tested the NACA 0012
with 76 and 152-µm riblets applied at x/c = 12%–96% and trips at x/c = 10%. Tests were run at angles of
attack ranging from 0 to 6 deg and Re = 1,000,000. A maximum drag reduction of 13% was reported for
the 152-µm riblets at 6 deg.
In a similar study, the GAW-2 and LC100D airfoils were tested with the 76 and 152-µm riblets [13, 14, 15].
Similar to the NACA 0012 airfoil, the GAW-2 airfoil showed a maximum drag reduction of 14% with 152-µm
riblets at 6 deg and Re = 1,000,000. Riblets on the LC100D airfoil, however, were not as effective with a
maximum drag reduction of only 2% at Re = 500,000. Studies on other airfoils and riblet sizes have reported
drag reduction in the range of 6–12% with similar trends [16, 17].
1.3 Research Objectives
Despite the ongoing research on riblets, challenges such as finding the optimal riblet size and placement for
airfoil drag reduction still remain. A majority of the research done on riblet film has been on turbulent
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flat plates. Moreover, recent research on airfoils has been incomplete with many such studies producing
more questions than answers. Most past efforts to study riblets have aimed at validating the drag reducing
properties of riblets as opposed to finding the optimal riblet configuration for drag reduction. Riblets have
often been placed covering almost the entire airfoil surface by forcing transition ahead of the film. While
this approach might be conducive to studying the drag reducing properties of riblets, it does not address
how riblets might perform in a real world application such as on wind turbine blades where flow remains
laminar until natural transition.
As most of the previous studies on riblets were limited to the validation of their drag reducing properties
in turbulent boundary layer, the studies were conducted by forcing transition near the leading edge, applying
riblets in the turbulent region downstream of the boundary layer trips, and comparing the drag before and
after the application of riblets. Riblets have never been tested with the film applied downstream of the
natural transition point. Additionally, tests have been performed at selected angles of attack and Reynolds
numbers. No real effort has been made to perform a comprehensive study, testing riblets over the entire
drag polar and multiple Reynolds numbers, with the aim of optimizing them for real world applications such
as wind turbines.
The goal of this research was to test riblet film on wind turbine airfoils by varying the riblet size
and location over a range of angles of attack and Reynolds numbers. Results should help improve the
understanding of riblet performance, expose trends in riblet effectiveness with size and location, and thereby
help determine the optimal riblet configurations for application to wind turbine blades for increased energy
capture.
3
Chapter 2
Experimental Methods
This chapter discusses the experimental methods used in the research and provides a description of the airfoil
models, the riblet films tested, and the test matrix.
2.1 Wind Tunnel Facility
Testing was conducted in the UIUC low-turbulence subsonic wind tunnel. Figure 2.1 shows the schematic
of the tunnel. The wind tunnel is an open-return type with a 7.5:1 contraction ratio. The rectangular test
section is 2.8× 4.0 ft (0.853× 1.219 m) in cross section and 8-ft (2.438-m) long. Over the length of the test
section, the width increases by approximately 0.5 in (1.27 cm) to account for boundary-layer growth along
the tunnel side walls. The tunnel settling chamber contains a 4-in (10.16-cm) thick honeycomb and four
anti-turbulence screens to improve the quality of the flow. Test-section speeds are variable up to 160 mph
(71.53 m/s) via a 125-hp (93.25-kW) alternating-current electric motor driving a five-bladed fan. Figures 2.2
and 2.3 show photographs of the wind tunnel fan and inlet. The maximum Reynolds number that can be
reached is 1.5 million/ft (4.92 million/m). The Reynolds number for the airfoil was calculated using the
equation,
Re =
ρambU∞c
µamb
(2.1)
The Reynolds number during a test run was kept constant and computer-controlled to within 0.5%. The
airspeed and dynamic pressure in the test section were determined by static pressure measurements in the
wind tunnel contraction section. The airspeed was calculated by measuring the pressure difference between
the settling section (Pss) and test section (Pts). The pressures were acquired using DTC initium pressure
modules and a Setra 239 differential pressure transducer. A set of four pressure taps located downstream of
the anti-turbulence screens were connected to the pressure transducer through a single tube and provided
the average settling section pressure. Another set of four pressure taps located at the entrance of the test
section provided the average test section pressure in a similar manner. By assuming steady, inviscid flow
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Figure 2.1: Schematic of the UIUC low-turbulence subsonic wind tunnel.
and using conservation of mass (Eq. 2.2) and Bernoulli’s equation (Eq. 2.3), the test section velocity was
calculated using Eq. 2.4 below
AssUss = AtsUts (2.2)
1
2
ρU2ss + Pss =
1
2
ρU2ts + Pts (2.3)
Uts =
√√√√√ 2 (Pss − Pts)
ρamb
(
1−
(
Ats
Ass
)2) (2.4)
In Eq. 2.4, Ats/Ass is the reciprocal of the wind tunnel contraction area ratio. The ambient air density
(ρamb) was calculated using the ideal gas law,
ρamb =
Pamb
RTamb
(2.5)
Ambient pressure (Pamb) was measured using a Setra 270 absolute pressure transducer. Ambient temperature
(Tamb) was measured with a thermocouple located in the tunnel bay. The performance of the airfoil was
measured using a three-component external force and moment balance mounted underneath the test section
and by a wake rake. A detailed description of the data acquisition system is provided in Section 2.3.
2.2 Airfoil Models
With wind turbines being the primary application for riblet film in this study, the S809 and DU 96-W-180
airfoils were chosen for the tests. Both airfoils are good representations of airfoils used on wind turbines.
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Figure 2.2: Photograph of the wind tunnel fan and stators (taken by Gregory Williamson).
Figure 2.3: Photograph of the wind tunnel inlet showing the honeycomb (taken by Gregory Williamson).
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S809
Figure 2.4: Profile of the S809 airfoil.
DU 96−W−180
Figure 2.5: Profile of the DU 96-W-180 airfoil.
The S809 is a 21%-thick airfoil that was designed for the National Renewable Energy Laboratory (NREL)
[18]. The DU 96-W-180 is an 18%-thick airfoil designed at Delft University [19]. Both airfoils were designed
to be used at the 75% blade station and are actively used in wind energy research and found in literature.
Figures 2.4 and 2.5 show the profiles of the S809 and DU 96-W-180 airfoils respectively.
The airfoil models had a span of 33.5-in (0.851-m) with an 18-in (0.457-m) chord. The models were
mounted in the test section with the spanwise axis in the vertical direction. The span length was set so
that small gaps between the floor and ceiling and the ends of the models were maintained for accurate force
balance readings. The models were manufactured with a foam core which was laminated with fiberglass,
coated with an epoxy resign and polished to ensure that the surface had a smooth finish. To help mount the
models, they were fitted with two mounting tangs (or spars) that extended 4.187-in (10.635-cm) past the
bottom end plate. The mounting tangs used for the S809 were circular and those for the DU 96-W-180 were
rectangular in shape. Figure 2.6 shows the DU 96-W-180 airfoil model mounted vertically in the test section
with riblet film applied to the aft upper-surface turbulent region. The streamwise shading of the film seen
in the picture was due to adhesive variations beneath the skin of the film. The model did not exhibit waves
along the surface exposed to the flow.
Prior to installing the airfoil in the test section, the ceiling of the test section was removed to allow
the airfoil to be lowered in. Mounting brackets were used to secure the model in position and transfer the
aerodynamics loads from the model to the base plate of the balance. The spars of the model were passed
through a cover plate located at the center of the balance turntable. The cover plates had sections that
were cut out to allow the spars to pass through while providing minimal clearance between the cover plate
and the spars, thereby minimizing air leakage. Shims were used to create a gap between the airfoil and the
turntable to ensure that all the aerodynamic loads would be transferred to the balance. Since the pressure
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drop inside the test section would cause the ceiling to deflect as the flow velocity increased, an adjustable
stiffener was used to maintain a gap between the ceiling and the airfoil.
2.3 Data Acquisition System
Lift, drag and moment data from the wind tunnel was acquired using a three component force balance. A
more accurate drag value was determined using measurements from a wake rake. Software written using
National Instruments LabView was used to control the wind tunnel and collect data. Data was acquired on
a Dell Precision T3400 computer with a 2.83 GHz Intel R© CoreTM2 Quad CPU running Windows XP 32-bit
OS. Commands from the computer were sent via RS-232 serial communication. Pressure measurements
from the wake rake were collected using an ethernet connection between the computer and DTC initium
transducers. Force and moment data from the three-component force balance was converted through a
National Instruments analog-to-digital (A/D) board. The major components of the data acquisition system
are described in the following sections.
2.3.1 Wind Tunnel Force Balance
A three-component balance positioned below the base of the test section was used to measure the normal
force, axial force and the pitching moment of the airfoil. The balance was manufactured by Aerotech ATE
Ltd. A picture of the balance is shown in Fig. 2.3. Load cells installed in the balance were used to provide the
force and moment measurements. The balance could be adjusted for three load range settings to optimize
the accuracy of measurement. Table 2.1 lists the load range for the normal force, axial force and moment
for the three settings. The high load range setting was used for all the measurements in this study.
Signals from the load cells were sent to a signal conditioning box where they were filtered and amplified.
Filtering was done using a low-pass filter at 1 Hz, after which the signal was amplified to ±5 V from an
unamplified load cell output of ±20 mV. The angle of attack of the model was changed using a mechanical
turntable that was controllable to within 0.1 deg. For each reading, the balance took 200 samples at a
sampling rate of 100 Hz and averaged them to get a single voltage measurement.
Table 2.1: Force and Moment Balance Load Ranges
High Range Medium Range Low Range
Normal Force ±450 lb ±225 lb ±90 lb
Axial Force ±90 lb ±55 lb ±18 lb
Pitching Moment ±45 ft-lb ±30 ft-lb ±15 ft-lb
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Figure 2.6: DU 96-W-180 model with riblet film in the wind tunnel test section.
Figure 2.7: Photograph of the three-component force balance.
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Table 2.2: Force Balance Range Ratios
High Range Medium Range Low Range
Normal (RRN ) 1 0.4944 0.2046
Axial (RRA) 1 0.6278 0.2173
Pitching (RRM ) 1 0.6755 0.3413
2.3.2 Force and Moment Calculation
External balance tares were measured periodically during the tests. Tare voltages were acquired for all
three components at angle of attack increments of 1 deg over the range tested. The tare voltages for the
corresponding angles of attack were subtracted from voltage measurements taken during a run. This voltage
difference (Voi) was multiplied by a range ratio (RRi) to yield a scaled voltage (Vi), as shown in Eq. 2.6.
Table 2.2 lists the range ratio values for the three load settings used.
Vi = Voi.RR (2.6)
Scaled voltages for each of the three components were substituted into a second-order calibration matrix to
calculate the normal force (FN ), axial force (FA) and pitching moment about the center of the cruciform
(M) as shown in Eq. 2.7.

FN
FA
M
 =

37.7 0.01359 −0.2095 0.01094 0 −0.000865
−0.1607 8.3125 −0.01638 0.007084 0 0.007660
−0.01299 −0.005521 1.247 −0.002122 0 0.0001497


VN
VA
VM
V 2N
V 2A
V 2M

(2.7)
The calculated forces and moment were then reduced to get the lift (L), drag (D) and quarter-chord pitching
moment (Mc/4) of the airfoil using Eqs. 2.8(a–c) below, where xoffset and yoffset represent the distance
between the quarter chord location of the model and the center of the force balance.
L = FNcosα− FAsinα (2.8a)
D = FNsinα+ FAcosα (2.8b)
Mc/4 = M + xoffsetFN − yoffsetFA (2.8c)
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The lift coefficient (Cl) and drag coefficient (Cd) were calculated by dividing the lift and drag forces by
the freestream dynamic pressure (q∞) and the model reference area (S), as shown in Eqs. 2.9(a–b). The
quarter-chord pitching moment coefficient (Cm) was calculated by dividing the moment by q∞, S and the
model chord (c), as shown in Eq. 2.9c.
Cl =
L
q∞S
(2.9a)
Cd =
D
q∞S
(2.9b)
Cm =
M
q∞Sc
(2.9c)
Although both lift and drag were calculated from the normal and axial forces, a more accurate drag value
was determined from wake rake measurements. The wake rake measurement system is described in the
following section.
2.3.3 Wake Survey System
As mentioned previously, airfoil drag measurements were made using a wake rake traverse system. The
rake contained 59 total pressure probes over a total width of 9.75 in (24.77 cm). The seven probes on
each of the outer sides of the rake were spaced 0.27-in (6.86-mm) apart and the rest of the 45 probes were
spaced 0.135-in (3.43-mm) apart. The probes were manufactured from straight, thin-walled tubing with
outer diameters measuring 0.04 in (1.02 mm). The tubes were aligned parallel to the freestream flow and
pointed upstream, in order to measure the total pressure deficit in the wake behind the model. The wake
rake was able to move in both the vertical (spanwise) and horizontal directions, using two Lintech traverse
axes controlled by an IDC S6962 stepper motor drive. A sealed box was constructed around the Lintech
traverse system to minimize the air leakage into the test section.
Wake measurements were made using the DTC initium system and two ± 35 psid Electronically Scanned
Pressure (ESP) units, which were used to take pressure samples at 50 Hz for two seconds. Each ESP unit
had 32 ports that were connected to the total pressure probes on the rake through polyurethane tubing. In
addition to the 32 ports, each scanner had two reference ports, a pressure calibration port and two switch
calibration ports (C1 and C2). The switch calibration ports were connected to a supply of nitrogen gas
through the DTC Initium System and were used to switch the scanners between run mode and calibrate
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mode. The data acquisition program was able to perform this switching by applying 100 psi of nitrogen gas
to ports C1 for calibration mode and C2 for run mode. When in the calibration mode, the scanners were
able to be re-zeroed to remove the zero drift and allow for highest measurement accuracy. Re-zeroing of the
scanners was performed prior to each run.
The data acquisition program was used to control the position of the wake rake. The rake was first
moved to the spanwise location where wake profiles were to be measured and the location of minimum wake
pressure was identified. The program then centered the rake at the minimum pressure location. If the span
of the wake was larger than the width of the rake, multiple rake measurements were required to capture the
entire wake profile. In this case, the program moved the rake horizontally until a location of constant total
pressure was found, thereby indicating the edge of the wake. Based on the location of the wake edge, the
program calculated the total number of rake spans necessary to capture the entire wake. Starting from the
edge of the wake, the program took once set of rake measurements, moved the rake horizontally to the new
position, and repeated the process until the entire wake profile was captured. For this study, eight spanwise
wake profiles were measured for each angle of attack starting 4-in (10.16-cm) above and ending 3-in (7.62-cm)
below center span, and the resulting drag values were averaged. Only wake rake drag measurements are
reported in this thesis.
2.3.4 Drag Calculation
The momentum deficit method discussed by Jones [20] and Schlichting [21] was used to calculate the drag
of the airfoil from wake rake measurements. Using the momentum deficit method, the drag is calculated
by integrating the pressures across the wake in a plane far downstream of the model. The plane (denoted
by the subscript 1) is assumed to be far enough from the airfoil such that the static pressure in the wake
(Pw) can be assumed to be equal to the freestream pressure (P∞). The drag can then be calculated using
Eq. 2.10 below, where U∞ is the freestream velocity and u1 are the velocities in the plane.
D = ρ
∫
u1 (U∞ − u1) dy1 (2.10)
The wake measurements are taken in a plane parallel to plane 1 and lying closer to the airfoil. Applying
conservation of mass in the differential form between the two planes
u1dy1 = uwdy (2.11)
The substitution of Eq. 2.11 into Eq. 2.10 yields
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D = ρ
∫
uw (U∞ − u1) dy (2.12)
The total pressure in the freestream, wake plane and plane 1 can be calculated using Eqs. 2.13(a–c) below
P∞ +
1
2
ρu2∞ = P0,∞ (2.13a)
P∞ +
1
2
ρu21 = P0,1 (2.13b)
P∞ +
1
2
ρu2w = P0,w (2.13c)
It is assumed that there are no pressure losses between the two planes, such that P0,1 = P0,w. Solving
Eqs. 2.13(a–c) in terms of velocities U∞, u1 and uw, and substituting into Eq. 2.12, the drag per unit span
can be calculated as
D = 2
∫ √
P0,w − Pw
(√
P0,∞ − P∞ −
√
P0,w − P∞
)
dy (2.14)
Assuming Pw = P∞ and by combining Eqs. 2.13a and 2.13c
qw = q∞ − (P0,∞ − P0,w) (2.15)
As suggested by Lee [22], rearranging Eq. 2.14, writing it in terms of dynamic pressure and substituting
Eq. 2.15 yields
D = 2
∫ √
q∞ − (P0,∞ − P0,w)
(√
q∞ −
√
q∞ − (P0,∞ − P0,w)
)
dy (2.16)
Eq. 2.16 is useful because the pressure difference (P0,∞ −P0,w) can be calculated directly from wake survey
measurements. The pressure modules used to capture the wake pressures were referenced to the atmospheric
pressure and hence measured ∆P = P0,w − Patm. At the edge of the wake, since the total pressure was
assumed to be equal to the total pressure in the freestream, the pressure modules measured ∆P = P0,∞ −
Patm. Using these two sets of values, the pressure difference (P0,∞−P0,w) could be calculated using Eq 2.17
below
P0,∞ − P0,w = (P0,∞ − Patm)− (P0,w − Patm) (2.17)
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Eq. 2.17 was evaluated numerically using a trapezoidal integration scheme. Using the scheme, the incremental
drag value between two consecutive points (denoted by the subscripts i and i+ 1) was given by
∆D =
[√
q∞ − (P0,∞ − P0,wi)
(√
q∞ −
√
q∞ − (P0,∞ − P0,wi)
)
+√
q∞ −
(
P0,∞ − P0,wi+1
)(√
q∞ −
√
q∞ −
(
P0,∞ − P0,wi+1
))]
(yi − yi+1) (2.18)
The total drag per unit span was determined by summing the incremental drag values for all the data points
as shown below, where n is number of points at which wake measurements were made
D =
n∑
i=1
∆Di (2.19)
The coefficient of drag was then calculated by dividing the total drag by q∞ and c as shown below
Cd =
D
q∞c
(2.20)
2.3.5 Wind Tunnel Corrections
The aerodynamic data acquired in wind tunnels needs to be corrected for finite domain effects due to the
presence of wind tunnel walls, which alter the flow past the model being tested. The corrections account for
three main effects: solid blockage, wake blockage and streamline curvature. The methods used to correct for
these effects in the current study were based on those outlined by Barlow et al. [23].
Solid Blockage
Solid blockage is the reduction in the test section area due to the presence of the model. As air passes over
the model, the reduction in area causes the airspeed to increase because of the venturi effect. The increase
in freestream velocity is proportional to the size, profile and thickness of the model, as well as the angle of
attack. The solid blockage correction factor (sb) for this research was calculated using Eq. 2.21 below
sb =
K1 × (model volume)
C3/2
(2.21)
where K1 = 0.52 for a model spaning the entire test section and C is the test section area.
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Wake Blockage
The wake behind the airfoil is a region of lower mean velocity than the freestream. To compensate for this
reduction in velocity, conservation of mass dictates that the velocity of the flow outside the wake must be
greater than the freestream. This increase in velocity outside of the airfoil wake, which in turn affects the
pressure distribution and local flow velocity around the airfoil, is known as Wake Blockage. Eq. 2.22 below
shows the wake blockage correction factor (wb) used in this research.
wb =
1
2
c
h
Cd,u (2.22)
where c/h is the ratio of model chord to test section height and Cd,u is the uncorrected airfoil drag coefficient.
Streamline Curvature
The wind tunnel walls artificially straighten the curvature of the flow streamlines passing over the model.
Because of this interference, the model appears to have an increased camber and consequently the measured
values of Cl, Cm and α are larger than actual. The streamline curvature correction factor (σ) was calculated
using Eq. 2.23 below
σ =
pi2
48
( c
h
)2
(2.23)
Correction Formulae
The correction factors calculated above were used to correct the measured lift coefficient, drag coefficient,
moment coefficient and angle of attack. The total blockage correction factor () was calculated by adding
the solid blockage and wake blockage correction factors as shown in Eq. 2.24 below
 = wb + wb (2.24)
Eq. 2.25 was used to correct the angle of attack using the streamline correction factor as shown below
αcor = αu +
57.3σ
2pi
(Cl,u + 4Cm,u) (2.25)
Finally, the lift, drag and moment coefficients were corrected using a combination of the three correction
factors as shown in Eq 2.26(a–c) below
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Cl,cor = Cl,u (1− σ − 2) (2.26a)
Cd,cor = Cd,u (1− 3sb − 2wb) (2.26b)
Cm,cor = Cm,u (1− 2) + 1
4
σCl,u (2.26c)
2.4 Riblet Film
The riblet films tested were manufactured by the 3M Renewable Energy Division Laboratory. The films
tested were off-the-shelf experimental samples, manufactured solely for the purpose of the research and
are not commercially available. The films had a plastic backing with V-shaped riblets on one side and an
adhesive on the other. The films tested can be classified into two categories; conventional and skipped-tooth.
Conventional films were those with a riblet geometry manufactured such that the peak-to-valley height and
peak-to-peak spacing was the same with a peak angle of 53 deg. Skipped-tooth riblet films did not conform
to this geometry and are discussed later in the section.
The first step in the study was the selection of the riblet sizes to be tested. Previous studies and analysis
on riblets had showed that the optimal riblet size was primarily a function of the Reynolds number. The
riblet sizes were therefore selected based on the theoretical optimal riblet heights (h) for the Reynolds number
range at which testing was to be done and were calculated using the following equation:
h =
(h+)ν
U∞
√
Cfx/2
(2.27)
where h+ is the non-dimensional riblet height, ν is the kinematic viscosity and Cfx is the local skin friction
coefficient at a point on the airfoil. The Cfx values were obtained from XFOIL [24]. The calculated h value
at each location on the airfoil was weighted using the local skin friction drag at that location and normalized
by the total drag, resulting in the following equation for the optimal riblet height at any given location on
the airfoil:
h =
(h+)ν
U∞
√
Cfx/2
D/Davg (2.28)
Here D is the drag at a given point on the airfoil and Davg is the average skin friction drag. From the
equation, it can be seen that the calculated h values are a function of both the Reynolds number and lift
coefficient. To find the optimal riblet height for a given Reynolds number and Cl, the individual h values
16
(a) 44-µm riblets (b) 62-µm riblets
Figure 2.8: 44-µm riblet film viewed under a scanning electron microscope (courtesy of 3M).
Table 2.3: Skipped-Tooth Riblet Samples Tested
Sample
Riblet Height Riblet Spacing Peak Angle
(µm) (µm) (deg)
1 40 80 30
2 40 80 53
3 80 80 30
4 80 150 53
were averaged to get a single optimal h. This calculation was done for the three Reynolds numbers, and
Cl values near L/Dmax where the airfoils would most likely be operated on a wind turbine. The results
yielded a theoretical optimal riblet height of ≈80 µm for the Reynolds numbers at which testing was to be
conducted. Using this approximate h value, and the available samples at 3M, five riblet sizes of 44, 62, 80,
100 and 150 µm were chosen for the tests. While the five samples had similar riblet geometry, the 100 and
150-µm riblet films had a thicker backing to support the increased riblet size. Figures 2.8(a) and 2.8(b) show
images of the 44-µm and 62-µm riblet films taken using a scanning electron microscope (SEM).
As mentioned previously, tests were also run with non-conventional or skipped-tooth riblet films. The
skipped-tooth terminology is used to refer to films where either the peak-to-peak height and peak-to-valley
spacing was not the same or where the peak angle was not 53 deg. Four such samples were tested. The riblet
height, spacing, and peak angle for each of the four samples is listed in Table 2.3. Henceforth, the samples
will be referred to based on the riblet height, spacing and peak angle. For example, sample 40-80-30 would
be used to refer to the film with a riblet height of 40-µm, riblet spacing of 80-µm and peak angle of 30 deg.
2.5 Viscous Analysis
Before testing the airfoils with film applied to them, the airfoils were analyzed to determine the expected
performance for clean and tripped conditions. The airfoil analysis was performed using XFOIL [24], which
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Figure 2.9: Cp distribution at Re = 1,500,000 for the S809 and DU 96-W-180 as predicted by XFOIL.
Figure 2.10: Drag polar for the S809 and DU 96-W-180 as predicted by XFOIL.
is capable of modeling the effects of laminar separation bubbles. The analysis was performed at Reynolds
numbers of 1,000,000, 1,500,000, and 1,850,000, corresponding to the wind-tunnel test conditions. The
primary reason behind this analysis was to understand the behavior of the clean airfoils. A second reason
was to ascertain whether or not the airfoil performance might be improved if the riblet film acted in such a
way as to promote transition and thereby reduce the drag of the laminar separation which could inadvertently
and incorrectly be attributed to riblet film drag reduction. This question was addressed by analyzing the
airfoils with transition fixed at various increments ahead of the laminar separation point.
Figures 2.9 and 2.10 show the predicted pressure distributions and drag polars for the S809 and DU 96-W-180
respectively. The polars show that the low drag range for the S809 airfoil ends at a Cl of approximately 0.75
and for the DU 96-W-180 at a Cl of approximately 1.2. The DU 96-W-180 has a higher lift-to-drag ratio
than the S809. The pressure coefficient plots show the presence of a laminar separation bubble on the upper
and lower surfaces of both airfoils.
It can also be seen in the graphics that natural transition takes place near 50–60% of the chord on both
the upper and lower surfaces for the S809, and near 40% and 75% on the upper and lower surfaces of the
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Figure 2.11: Flow visualization on the upper surface of the DU 96-W-180 airfoil at α = 6 deg and Re =
1,500,000.
DU 96-W-180. As discussed previously, placing the riblet film ahead of this laminar separation bubble might
produce drag reduction on account of a reduction in the size of the bubble. In order to prevent this from
occurring while maximizing the benefit of riblets, the riblet film would need to be positioned to cover only
the turbulent region with the front edge of riblet film starting inside the laminar separation bubble and never
extending in front of laminar separation point. This primary configuration should prevent the riblet film
from influencing transition and shortening the laminar separation bubble, thereby preventing misleading
results.
2.6 Surface Oil Flow Visualization
In addition to the viscous analysis, flow visualization was performed to reveal the exact location and size
of the laminar separation bubble on the airfoil models. The process involved spraying the airfoil surface
with mineral oil mixed with a florescent pigment, running the tunnel at the desired Reynolds number and
observing the flow features under a black light. Flow visualization was performed on the upper and lower
surfaces of the airfoils, at the three Reynolds numbers, over the entire low drag range. Figure 2.11 shows
oil-flow visualization on the upper surface of the DU 96-W-180 airfoil at Re = 1,500,000 and an angle of
attack of 6 deg. The image clearly shows a laminar separation bubble starting at 38% chord and reattachment
at 45% chord. Consequently, riblet film in the turbulent region would need to be applied starting inside this
bubble in order to eliminate the possibility of the leading edge of the film tripping the flow while maximizing
the turbulent-region riblet-film coverage for maximum effect.
To determine the approximate location of the film on the airfoil, flow visualization results were examined
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Figure 2.12: Laminar separation, reattachment, boundary-layer surface trips and riblet film locations on the
S809 and DU 96-W-180 airfoils at angles of attack near maximum L/D (symbols correspond to x/c locations
and not airfoil surface normal).
to determine the location of the laminar separation bubble at various angles of attack. Figure 2.12(a) shows
the position of the laminar separation and reattachment points at the angles of attack at which the S809
airfoil would most likely be operated (near maximum L/D) on a variable-speed wind turbine. The figure
also shows the location of the riblet film on the upper surface (x/c = 50%) and lower surface (x/c = 47%).
Since the bubble moved with angle of attack, the above mentioned film locations would ensure that the riblet
film remained inside the bubble for these angles of attack. For the S809 airfoil, the viscous analysis revealed
that forcing transition ahead of the laminar separation bubble lead to a reduction in drag. Consequently,
tests were run with trips at various locations on the upper and lower surfaces to determine the optimal trip
location that maximized drag reduction. Figure 2.12(a) shows the location of optimal trips on the S809
airfoil. Figure 2.12(b) shows a similar plot for the DU 96-W-180 airfoil with the film starting at x/c = 40%
on the upper surface and x/c = 70% on the lower surface. The figure does not show any trips on the upper
and lower surface because no performance benefit was observed by forcing transition on the DU 96-W-180
airfoil. It should be noted that flow visualization was performed at only Re =1,500,000 for the S809 and
hence Fig. 2.12(a) shows data for only one Reynolds number.
2.7 Test Plan
Testing of the riblet film was done by varying both the riblet size and location at Reynolds numbers of
1,000,000, 1,500,000 and 1,850,000. Each configuration was tested over the entire low drag range of the
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airfoils and each case was run three times to check for repeatability, thereby ensuring accurate results.
Before testing the airfoils with any film on them, the clean airfoils were tested to obtain the baseline
drag at the three Reynolds numbers for comparison. Next, the airfoils were tested with trips ahead of
the laminar separation point to determine if there was an optimal location that minimized the drag of the
laminar separation bubble. The flow was tripped by using a backward facing step created by applying a
strip of 0.0045-in (0.114-mm) thick and 5/16-in (7.938-mm) wide Chartpack R© tape at the desired location.
Based on the fact that the majority of the skin friction drag is due to turbulent flow and the possibility
of riblets in the laminar region forcing early transition, it was decided to test riblets only in the turbulent
regions (starting inside the bubble so as not to promote transition). The airfoils were tested with riblet
film applied to the upper surface turbulent region, lower surface turbulent region, and both upper and lower
turbulent regions. When riblet film was placed in the turbulent regions, a narrow piece of tape was used
to secure the leading edge of the film to the airfoil and prevent it from debonding (special, removable,
low-tack adhesive was used for the films in this research). For the S809 airfoil, since trips were found to be
beneficial in lowering drag, riblet film in the turbulent region was also tested by forcing transition ahead of
the laminar separation bubble. As mentioned previously, trips were not placed ahead of the riblet film on
the DU 96-W-180 airfoil as no benefit to the airfoil performance was observed by eliminating the separation
bubble at the Reynolds numbers tested.
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Chapter 3
Results and Discussion
This chapter discusses the results from the testing of the riblet films on the S809 and DU 96-W-180 airfoils.
Results are presented in the form of performance plots that show the lift curves, quarter-chord pitching
moment and drag polars for each case tested. Additionally, the effect of riblets on airfoil performance is
shown by comparing the drag polars for each case with the clean baseline configuration. The comparison
plots also show the percent change in drag due to the riblets (negative indicating favorable drag reduction).
The percent change in drag was calculated by using the clean airfoil as the baseline for the case with only
riblets and the airfoil with optimal trips as the baseline for the case with both riblets and trips. Results for
the conventional riblet films applied to the S809 and DU 96-W-180 airfoil are presented first followed by the
results for the skipped tooth riblets.
3.1 Riblet Film on the S809
This section discusses results from the riblet tests on the S809 airfoil. Results are presented first for the clean
airfoil both with and without boundary layer trips, followed by results from tests with riblet film applied to
the turbulent regions of the airfoil.
3.1.1 Clean Airfoil
Before testing the S809 airfoil with riblet film, a baseline was determined against which the effect of riblet
film would be compared. Figures 3.1 and 3.2 show the performance plots (lift curve, quarter-chord pitching
moment and drag polars) for the S809 airfoil without trips or riblet film applied at the three Reynolds
numbers. This dataset provided the baseline used to measure drag reduction. Figures 3.3–3.8 show the
performance plots for the S809 with optimal trips located on the upper surface, lower surface and both upper
and lower surfaces. Comparing the drag polars for the three cases, it can be seen that the S809 benefited
from using boundary layer trips to mitigate (or eliminate) the laminar separation bubble. Consequently,
riblet film in the turbulent region was tested both with and without trips located near the separation point.
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3.1.2 Riblets in the Turbulent Region
For each riblet size, tests were run with riblets on the upper surface, lower surface, and both upper and
lower surface turbulent regions at the three Reynolds numbers. As mentioned previously, tests were also
run by forcing transition ahead of the riblet film by using optimally located boundary layer trips for each
configuration tested. In general, the riblets on the upper surface (suction side) had a greater impact on
the airfoil drag than riblets on the lower surface (pressure side). Maximum drag reduction was observed
with riblets on both the upper and lower surfaces. It was also observed that riblets performed better when
they were applied without a boundary layer trip ahead of the laminar separation bubble. As also mentioned
previously, riblet film was placed based on the location of the laminar separation bubble at angles of attack
at which this airfoil would most likely be operated (Cl = 0.5–0.75). Since at Cl values outside this range
riblets would no longer start inside the separation bubble, any measured change in drag may not be due to
the action of riblets but instead due to early flow transition. The change in drag may also be on account of
the change in the relative location of the boundary layer trips with respect to the laminar separation bubble,
since the bubble moves with angle of attack. Therefore, the assessment of riblet performance will be made
based on the drag at Cl values ranging from 0.5–0.75. The results for each riblet size tested are discussed in
the following sections.
44-µm Riblets
Figures 3.9–3.20 show the performance plots for the 44-µm riblet film configurations tested. Figures 3.9–3.12
show performance data for the S809 with 44-µm riblets applied to the upper surface turbulent region.
Figures 3.13–3.16 show performance data for the S809 with 44-µm riblets applied to the lower surface
turbulent region. Figures 3.17–3.20 show performance data for the S809 with 44-µm riblets applied to both
the upper and lower surface turbulent regions.
Figures 3.21–3.29 show the drag comparison plots for the above cases. As shown by the plots, the 44-µm
riblets performed best at Re = 1,850,000, producing a drag reduction of 2–4% with riblets on both the upper
and lower surface turbulent regions. The effect of the 44-µm riblets on the drag for the other two Reynolds
numbers was either negligible or detrimental (riblets increased the drag).
62-µm Riblets
Figures 3.30–3.41 show the performance plots for the 62-µm riblet film configurations tested. Figures 3.30–3.33
show performance data for the S809 with 62-µm riblets applied to the upper surface turbulent region.
Figures 3.34–3.37 show performance data for the S809 with 62-µm riblets applied to the lower surface
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turbulent region. Figures 3.38–3.41 show performance data for the S809 with 62-µm riblets applied to both
the upper and lower surface turbulent regions.
Figures 3.42–3.50 show the corresponding drag comparison plots for the above cases. The plots show
that the 62-µm riblets performed best at Re = 1,000,000 with a drag reduction of 4% for the case with
riblets on both the upper and lower surfaces. 62-µm riblets at Re = 1,500,000 and Re = 1,850,000, however,
were detrimental to the airfoil performance and resulted in a drag increase.
100-µm Riblets
Figures 3.51–3.62 show the performance plots for the 100-µm riblet film configurations tested. Figures 3.51–3.54
show performance data for the S809 with 100-µm riblets applied to the upper surface turbulent region.
Figures 3.55–3.58 show performance data for the S809 with 100-µm riblets applied to the lower surface
turbulent region. Figures 3.59–3.62 show performance data for the S809 with 100-µm riblets applied to both
the upper and lower surface turbulent regions.
Figures 3.63–3.71 show the corresponding drag comparison plots for the above cases above. The plots
show that similar to the 44-µm riblets, the 100-µm riblets performed best at Re = 1,850,000 with a drag
reduction of 7–9% for the case with riblets in both the upper and lower surface turbulent regions. Also,
as with the 44-µm riblets, the 100-µm riblets had negligible effect on drag at Re = 1,000,000 and Re =
1,850,000.
150-µm Riblets
Figures 3.72–3.83 show the performance plots for the 150-µm riblet film configurations tested. Figures 3.72–3.75
show performance data for the S809 with 150-µm riblets applied to the upper surface turbulent region.
Figures 3.76–3.79 show performance data for the S809 with 150-µm riblets applied to the lower surface
turbulent region. Figures 3.80–3.83 show performance data for the S809 with 150-µm riblets applied to both
the upper and lower surface turbulent regions.
Figures 3.64–3.92 show the corresponding drag comparison plots for the above cases above. The data
shows that the 150-µm riblets did not have a significant effect on the airfoil performance, with a measured
decrease in drag of 0–1% for Re = 1,000,000 and 1–3% for Re = 1,850,000. At Re = 1,500,000, the 150-µm
riblets were detrimental to the performance resulting in a drag increase.
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3.2 Riblet Film on the DU 96-W-180
This section discusses results from the riblet tests on the DU 96-W-180 airfoil. Results are presented first
for the clean airfoil, followed by results from tests with riblet film applied to the turbulent regions of the
airfoil.
3.2.1 Clean Airfoil
Before testing the DU 96-W-180 airfoil with riblet film, as was done for the S809, a baseline was determined
against which the effect of riblet film would be compared. Figures 3.93 and 3.94 show the performance
plots (lift curves, pitching moment and drag polars) for the DU 96-W-180 airfoil without trips or riblet film
applied at the three Reynolds numbers. This dataset provided the baseline used to measure drag reduction.
Tests were also run with trips located near the laminar separation point to check for the possibility of a drag
decrement on account of elimination or mitigation of the laminar separation bubble. No benefit, however,
was seen from forcing transition ahead of the bubble for the DU 96-W-180 and in some cases trips proved to
be detrimental to the airfoil performance. Consequently, unlike the S809 riblet tests, riblets were not tested
with boundary layer trips on the DU 96-W-180. Additional, if care was not taken in placing the riblet film
behind the natural laminar separation point, misleading results showing drag increase could be observed on
account of early transition due to the film.
3.2.2 Riblets in the Turbulent Region
For each riblet size, tests were run with riblets on the upper surface, lower surface, and both upper and lower
surface turbulent regions at the three Reynolds numbers. As was observed for the S809 airfoil, in general,
riblets on the upper surface (suction side) had a greater impact on the airfoil drag than riblets on the lower
surface (pressure side). Maximum drag reduction was observed with riblets on both the upper and lower
surface. As mentioned previously, riblet film was placed based on the location of the laminar separation
bubble at angles of attack at which this airfoil would most likely be operated (Cl = 0.75–1). Since at Cl
values outside this range riblets would no longer start inside the separation bubble, any measured change
in drag may not be due to the action of riblets but instead due to early flow transition. Therefore the
assessment of riblet performance will be made based on the drag at Cl values ranging from 0.75 to 1.0. The
results for each riblet size tested are discussed in the following sections.
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44-µm Riblets
Figures 3.95–3.100 show the performance plots for the 44-µm riblet film configurations tested. Figures 3.95
and 3.96 show performance data for the DU 96-W-180 with 44-µm riblets applied to the upper surface
turbulent region. Figures 3.97 and 3.98 show performance data for the DU 96-W-180 with 44-µm riblets
applied to the lower surface turbulent region. Figures 3.99 and 3.100 show performance data for the
DU 96-W-180 with 44-µm riblets applied to both the upper and lower surface turbulent regions.
Figures 3.101–3.103 show the corresponding drag comparison plots for the above cases. The plots show
that 44-µm riblets produced a marginal decrease in drag at Re = 1,000,000 and a drag decrease of 1–2% at
Re = 1,500,000. The effect on drag at Re = 1,850,000 was negligible.
62-µm Riblets
Figures 3.104–3.109 show the performance plots for the 62-µm riblet film configurations tested. Figures 3.104
and 3.105 show performance data for the DU 96-W-180 with 62-µm riblets applied to the upper surface
turbulent region. Figures 3.106 and 3.107 show performance data for the DU 96-W-180 with 62-µm riblets
applied to the lower surface turbulent region. Figures 3.108 and 3.109 show performance data for the
DU 96-W-180 with 62-µm riblets applied to both the upper and lower surface turbulent regions.
Figures 3.110–3.112 show the corresponding drag comparison plots for the above cases. Data from the
plots shows that the 62-µm resulted in a 2–4% decrease in drag at Re = 1,000,000. They performed better
at Re = 1,500,000, producing a 4–5% decrease in drag. The reduction in drag at Re = 1,850,000 was the
least, with a measured drag reduction of only 1–2%.
100-µm Riblets
Figures 3.113–3.118 show the performance plots for the 100-µm riblet film configurations tested. Figures 3.113
and 3.114 show performance data for the DU 96-W-180 with 100-µm riblets applied to the upper surface
turbulent region. Figures 3.115 and 3.116 show performance data for the DU 96-W-180 with 100-µm riblets
applied to the lower surface turbulent region. Figures 3.117 and 3.118 show performance data for the
DU 96-W-180 with 100-µm riblets applied to both the upper and lower surface turbulent regions.
Figures 3.119–3.121 show the corresponding drag comparison plots for the above cases. The plots show
that the 100-µm riblets reduced drag by 2–4% at both Re = 1,000,000 and Re = 1,500,000. At Re =
1,850,000, however, they were highly detrimental to the airfoil performance, resulting in a significant increase
in drag.
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150-µm Riblets
Figures 3.122–3.127 show the performance plots for the 150-µm riblet film configurations tested. Figures 3.122
and 3.123 show performance data for the DU 96-W-180 with 150-µm riblets applied to the upper surface
turbulent region. Figures 3.124 and 3.125 show performance data for the DU 96-W-180 with 150-µm riblets
applied to the lower surface turbulent region. Figures 3.126 and 3.127 show performance data for the
DU 96-W-180 with 150-µm riblets applied to both the upper and lower surface turbulent regions.
Figures 3.128–3.130 show the corresponding drag comparison plots for the above cases. Unlike the other
three riblet sizes, the 150-µm were consistently detrimental at all three Reynolds numbers, causing a large
increase in drag, as high as 6% at Re = 1,500,000.
3.3 Skipped-Tooth Riblets
This section discusses the results from testing of the five skipped-tooth riblet film configurations on the
DU 96-W-180 airfoil. The skipped-tooth riblets were only tested with film applied to both the upper
and lower surface turbulent regions of the airfoil because maximum drag reduction was observed for this
configuration in prior tests. Figures 3.131 and 3.132 show the performance plots for the 40-80-30 riblets at
the three Reynolds numbers. Figures 3.133–3.135 show the drag comparison plots for the above case. The
data shows that the 40-80-30 riblets resulted in a drag reduction of 2–4% at all three Reynolds numbers.
Figures 3.136–3.140 show the same set of plots for the 40-80-53 riblets, which produced a drag reduction of
1–2% at the three Reynolds numbers. The 80-80-30 riblets, data for which is shown in Figs. 3.141–3.145,
had no significant effect on drag at Re = 1,000,000 and 1,500,000; however, the riblets were detrimental
to the airfoil performance at Re = 1,850,000. Figures 3.146–3.150 correspond to the 80-80-53 riblets.
It should be noted that the 80-80-53 riblets were of the conventional type, with equal peak-to-peak and
peak-to-valley spacing; however, they were tested along with the skipped tooth samples and hence included
in this section. The drag reduction due to the 80-80-53 riblets was measured at 2–4% at Re = 1,000,000,
2% at Re = 1,500,000 and 1-2% at Re = 1,850,000. The final skipped tooth configuration plots are shown
in Figs. 3.151–3.155 and correspond to the 80-150-53 riblets. The data shows that the 80-150-83 riblets
performed well at Re = 1,000,000, resulting in a drag reduction of 2-3%; however, at Re = 1,500,000 they
had no effect on drag and proved to be detrimental at Re = 1,850,000.
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3.4 Summary of Riblet Performance
Results from the riblet film tests on the S809 and DU 96-W-180 airfoils revealed that the performance of
riblets is dependent on both the riblet size and Reynolds number. A comparison of the results for the two
airfoils showed that riblet performance is also sensitive to the type of airfoil (nature of boundary layer).
Riblet performance for the different cases tested was summarized and studied to observe trends in riblet
effectiveness and thereby determine the optimal riblet geometry for maximum drag reduction. Additionally,
results from the skipped-tooth riblet tests were analyzed and compared to study the effect of parameters
such as riblet spacing and peak angle on riblet performance.
Table 3.1 summarizes the results from the riblet tests on the S809 airfoil. The tabulated data shows the
measured percentage drag reduction with riblet film applied to both the upper and lower surface turbulent
regions of the airfoil for each riblet size and Reynolds number tested. The ‘+’ symbol is used to denote an
increase in drag due to riblets. A ‘+’ symbol indicates a drag increase of less than 4% and a ‘++’ symbol
indicates a drag increase of more than 4%. Table 3.2 shows similar data for riblets on the DU 96-W-180
airfoil.
While the drag reduction data for the S809 airfoil shows no real trends, two important observations
can be made from the DU 96-W-180 airfoil riblet data. The data shows that for the DU 96-W-180, there
clearly exists an optimal riblet size (62 µm) which is the most effective in reducing drag over the range of
Reynolds numbers tested. Examining the performance of each riblet size over the three Reynolds numbers
reveals that for a given riblet size, there exists a Reynolds number at which the riblets produce maximum
drag reduction. A decrease or increase in the Reynolds number from the optimum results in a reduction in
riblet performance. Similarly, for each Reynolds number, there exists an optimal riblet size that produces
maximum drag reduction. A further increase or decrease in the riblet size reduces riblet effectiveness.
Table 3.1: Measured Percentage Drag Reduction with Riblets on the S809 Airfoil
Re
Percentage Drag Reduction
44 µm 62 µm 100 µm 150 µm
1,000,000 + 1–2% 0% 0%
1,500,000 + ++ 0–2% +
1,850,000 2–4% ++ 7–9% 1–2%
Table 3.2: Measured Percentage Drag Reduction with Riblets on the DU 96-W-180 Airfoil
Re
Percentage Drag Reduction
44 µm 62 µm 100 µm 150 µm
1,000,000 0–1% 2–4% 2–4% +
1,500,000 1–2% 4–5% 2–4% ++
1,850,000 0–1% 1–2% ++ ++
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Table 3.3: Measured Percentage Drag Reduction with Skipped-Tooth Riblets on the DU 96-W-180 Airfoil
Re
Percentage Drag Reduction
40-80-30 40-80-53 80-80-30 80-80-53 80-150-53
1,000,000 2–4% 1–2% 0–1% 2–4% 2–4%
1,500,000 1–2% 1–2% + 1–2% +
1,850,000 1–2% 1–2% + 1–2% ++
To further examine trends in riblet performance, the measured drag reduction was plotted and compared.
Figures 3.156 and 3.157 show the measured percent change in drag for each riblet size, with riblets applied
to the upper and lower surface turbulent regions of the S809 and DU 96-W-180 airfoils. The ∆Cd values
have been plotted for three lift coefficients in the range where the airfoils would most likely be operated
and Re = 1,500,000. Broken lines are used to connect the 44, 62 and 100-µm riblets as different thickness
backings were used for the three. The 100 and 150-µm riblets, which had the same backing, are connected
by a solid line. The plots show that while for the S809 airfoil, the 100-µm riblet film did lower the drag;
there is no clear trend in riblet performance with size that can be observed. The plot for the DU 96-W-180,
however, clearly shows that the optimal riblet size of 62 µm was most effective in reducing drag over the
range of Reynolds numbers tested and that a decrease or increase in riblet size from the optimum resulted in
a reduction in riblet performance. This observed trend was consistent for all three lift coefficients at which
drag reduction data was plotted.
Figures 3.158 and 3.159 show a similar comparison of the the four riblet sizes at the three Reynolds
numbers. The data has been plotted for Cl = 0.5 for the S809 and Cl = 0.7 for the DU 96-W-180. The
plot illustrates the effect of Reynolds number on riblet performance. Again, it can be seen that while no
real trend is observable for the S809 airfoil, the 62-µm riblets performed best at all three Reynolds numbers
on the DU 96-W-180. Another interesting observation can be made by analyzing the plotted data for the
DU 96-W-180 airfoil. Comparing the percent change in drag due to each riblet size, it can be seen that the
44 and 62-µm riblets performed best at Re = 1,500,000 while the 100 and 150-µm riblets performed best at
Re = 1,000,000. Thus, it can be seen that the optimal Reynolds number for a given riblet size decreases as
the riblet size increases. This trend is consistent with riblet theory, which states that the optimal riblet size
scales inversely with Reynolds number.
To study the effect of peak-to-peak spacing and peak angle on riblet performance, the measured percentage
drag reduction for the skipped-tooth riblet tests were also compared. Table 3.3 shows the percentage drag
reduction for the five skipped-tooth samples tested on the DU 96-W-180 at the three Reynolds numbers.
The tabulated data shows that skipped-tooth riblets in general performed better at lower Reynolds numbers.
Comparing similar height conventional (h = 40 µm) and skipped-tooth (h = 40 µm) riblets, it was also
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observed that increasing the peak-to-peak spacing improved riblet performance at Re = 1,000,000; however,
there was not much difference at the higher Reynolds numbers.
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Figure 3.1: Lift and pitching moment for the clean S809.
31
−
20
−
10
0
10
20
−
1.
0
−
0.
5
0.
0
0.
5
1.
0
1.
5
α
 
(de
g)
C l
S8
09
Cl
ea
n
R
e 
= 
1,
85
0,
00
0
C m 0.20.10.0
−
0.
1
−
0.
2
−
0.
3
Figure 3.1: (continued) Lift and pitching moment for the clean S809.
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Figure 3.2: Drag polar for the clean S809.
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Figure 3.3: Lift and pitching moment for the S809 with a 0.0045-in trip at x/c = 44% on the upper surface.
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Figure 3.3: (continued) Lift and pitching moment for the S809 with a 0.0045-in trip at x/c = 44% on the
upper surface.
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Figure 3.4: Drag polar for the S809 with a 0.0045-in trip at x/c = 44% on the upper surface.
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Figure 3.5: Lift and pitching moment for the S809 with a 0.0045-in trip at x/c = 40% on the lower surface.
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Figure 3.5: (continued) Lift and pitching moment for the S809 with a 0.0045-in trip at x/c = 40% on the
lower surface.
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Figure 3.6: Drag polar for the S809 with a 0.0045-in trip at x/c = 40% on the lower surface.
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Figure 3.7: Lift and pitching moment for the S809 with 0.0045-in trips at x/c = 44% on the upper surface
and x/c = 40% on the lower surface.
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Figure 3.7: (continued) Lift and pitching moment for the S809 with 0.0045-in trips at x/c = 44% on the
upper surface and x/c = 40% on the lower surface.
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Figure 3.8: Drag polar for the S809 with 0.0045-in trips at x/c = 44% on the upper surface and x/c = 40%
on the lower surface.
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Figure 3.9: Lift and pitching moment for the S809 with 44-µm riblets on the upper surface turbulent area.
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Figure 3.9: (continued) Lift and pitching moment for the S809 with 44-µm riblets on the upper surface
turbulent area.
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Figure 3.10: Drag polar for the S809 with 44-µm riblets on the upper surface turbulent area.
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Figure 3.11: Lift and pitching moment for the S809 with 44-µm riblets on the upper surface turbulent area
and a 0.0045-in trip on the upper surface at x/c = 44%.
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Figure 3.11: (continued) Lift and pitching moment for the S809 with 44-µm riblets on the upper surface
turbulent area and a 0.0045-in trip on the upper surface at x/c = 44%.
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Figure 3.12: Drag polar for the S809 with 44-µm riblets on the upper surface turbulent area and a 0.0045-in
trip on the upper surface at x/c = 44%.
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Figure 3.13: Lift and pitching moment for the S809 with 44-µm riblets on the lower surface turbulent area.
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Figure 3.13: (continued) Lift and pitching moment for the S809 with 44-µm riblets on the lower surface
turbulent area.
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Figure 3.14: Drag polar for the S809 with 44-µm riblets on the lower surface turbulent area.
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Figure 3.15: Lift and pitching moment for the S809 with 44-µm riblets on the lower surface turbulent area
and a 0.0045-in trip on the lower surface at x/c = 40%.
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Figure 3.15: (continued) Lift and pitching moment for the S809 with 44-µm riblets on the lower surface
turbulent area and a 0.0045-in trip on the lower surface at x/c = 40%.
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Figure 3.16: Drag polar for the S809 with 44-µm riblets on the lower surface turbulent area and a 0.0045-in
trip on the lower surface at x/c = 40%.
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Figure 3.17: Lift and pitching moment for the S809 with 44-µm riblets on the upper and lower surface
turbulent areas.
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Figure 3.17: (continued) Lift and pitching moment for the S809 with 44-µm riblets on the upper and lower
surface turbulent areas.
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Figure 3.18: Drag polar for the S809 with 44-µm riblets on the upper and lower surface turbulent areas.
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Figure 3.19: Lift and pitching moment for the S809 with 44-µm riblets on the upper and lower surface
turbulent areas and 0.0045-in trips on the upper surface at x/c = 44% and lower surface at x/c = 44%.
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Figure 3.19: (continued) Lift and pitching moment for the S809 with 44-µm riblets on the upper and lower
surface turbulent areas and0.0045-in trips on the upper surface at x/c = 44% and lower surface at x/c = 44%.
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Figure 3.20: Drag polar for the S809 with 44-µm riblets on the upper and lower surface turbulent areas and
0.0045-in trips on the upper surface at x/c = 44% and lower surface at x/c = 44%.
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Figure 3.21: Drag polar for the S809 at Re = 1,000,000 with 44-µm riblets in the turbulent area and a
0.0045-in trip at x/c = 44% on the upper surface.
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Figure 3.22: Drag polar for the S809 at Re = 1,500,000 with 44-µm riblets in the turbulent area and a
0.0045-in trip at x/c = 44% on the upper surface.
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Figure 3.23: Drag polar for the S809 at Re = 1,850,000 with 44-µm riblets in the turbulent area and a
0.0045-in trip at x/c = 44% on the upper surface.
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Figure 3.24: Drag polar for the S809 at Re = 1,000,000 with 44-µm riblets in the turbulent area and a
0.0045-in trip at x/c = 40% on the lower surface.
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Figure 3.25: Drag polar for the S809 at Re = 1,500,000 with 44-µm riblets in the turbulent area and a
0.0045-in trip at x/c = 40% on the lower surface.
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Figure 3.26: Drag polar for the S809 at Re = 1,850,000 with 44-µm riblets in the turbulent area and a
0.0045-in trip at x/c = 40% on the lower surface.
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Figure 3.27: Drag polar for the S809 at Re = 1,000,000 with 44-µm riblets in the turbulent areas and
0.0045-in trips at x/c = 44% and x/c = 40% on the upper and lower surfaces.
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Figure 3.28: Drag polar for the S809 at Re = 1,500,000 with 44-µm riblets in the turbulent areas and
0.0045-in trips at x/c = 44% and x/c = 40% on the upper and lower surfaces.
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Figure 3.29: Drag polar for the S809 at Re = 1,850,000 with 44-µm riblets in the turbulent areas and
0.0045-in trips at x/c = 44% and x/c = 40% on the upper and lower surfaces.
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Figure 3.30: Lift and pitching moment for the S809 with 62-µm riblets on the upper surface turbulent area.
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Figure 3.30: (continued) Lift and pitching moment for the S809 with 62-µm riblets on the upper surface
turbulent area.
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Figure 3.31: Drag polar for the S809 with 62-µm riblets on the upper surface turbulent area.
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Figure 3.32: Lift and pitching moment for the S809 with 62-µm riblets on the upper surface turbulent area
and a 0.0045-in trip on the upper surface at x/c = 44%.
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Figure 3.32: (continued) Lift and pitching moment for the S809 with 62-µm riblets on the upper surface
turbulent area and a 0.0045-in trip on the upper surface at x/c = 44%.
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Figure 3.33: Drag polar for the S809 with 62-µm riblets on the upper surface turbulent area and a 0.0045-in
trip on the upper surface at x/c = 44%.
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Figure 3.34: Lift and pitching moment for the S809 with 62-µm riblets on the lower surface turbulent area.
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Figure 3.34: (continued) Lift and pitching moment for the S809 with 62-µm riblets on the lower surface
turbulent area.
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Figure 3.35: Drag polar for the S809 with 62-µm riblets on the lower surface turbulent area.
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Figure 3.36: Lift and pitching moment for the S809 with 62-µm riblets on the lower surface turbulent area
and a 0.0045-in trip on the lower surface at x/c = 40%.
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Figure 3.36: (continued) Lift and pitching moment for the S809 with 62-µm riblets on the lower surface
turbulent area and a 0.0045-in trip on the lower surface at x/c = 40%.
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Figure 3.37: Drag polar for the S809 with 62-µm riblets on the lower surface turbulent area and a 0.0045-in
trip on the lower surface at x/c = 40%.
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Figure 3.38: Lift and pitching moment for the S809 with 62-µm riblets on the upper and lower surface
turbulent areas.
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Figure 3.38: (continued) Lift and pitching moment for the S809 with 62-µm riblets on the upper and lower
surface turbulent areas.
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Figure 3.39: Drag polar for the S809 with 62-µm riblets on the upper and lower surface turbulent areas.
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Figure 3.40: Lift and pitching moment for the S809 with 62-µm riblets on the upper and lower surface
turbulent areas and 0.0045-in trips on the upper surface at x/c = 44% and lower surface at x/c = 44%.
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Figure 3.40: (continued) Lift and pitching moment for the S809 with 62-µm riblets on the upper and lower
surface turbulent areas and0.0045-in trips on the upper surface at x/c = 44% and lower surface at x/c = 44%.
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Figure 3.41: Drag polar for the S809 with 62-µm riblets on the upper and lower surface turbulent areas and
0.0045-in trips on the upper surface at x/c = 44% and lower surface at x/c = 44%.
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Figure 3.42: Drag polar for the S809 at Re = 1,000,000 with 62-µm riblets in the turbulent area and a
0.0045-in trip at x/c = 44% on the upper surface.
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Figure 3.43: Drag polar for the S809 at Re = 1,500,000 with 62-µm riblets in the turbulent area and a
0.0045-in trip at x/c = 44% on the upper surface.
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Figure 3.44: Drag polar for the S809 at Re = 1,850,000 with 62-µm riblets in the turbulent area and a
0.0045-in trip at x/c = 44% on the upper surface.
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Figure 3.45: Drag polar for the S809 at Re = 1,000,000 with 62-µm riblets in the turbulent area and a
0.0045-in trip at x/c = 40% on the lower surface.
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Figure 3.46: Drag polar for the S809 at Re = 1,500,000 with 62-µm riblets in the turbulent area and a
0.0045-in trip at x/c = 40% on the lower surface.
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Figure 3.47: Drag polar for the S809 at Re = 1,850,000 with 62-µm riblets in the turbulent area and a
0.0045-in trip at x/c = 40% on the lower surface.
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Figure 3.48: Drag polar for the S809 at Re = 1,000,000 with 62-µm riblets in the turbulent areas and
0.0045-in trips at x/c = 44% and x/c = 40% on the upper and lower surfaces.
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Figure 3.49: Drag polar for the S809 at Re = 1,500,000 with 62-µm riblets in the turbulent areas and
0.0045-in trips at x/c = 44% and x/c = 40% on the upper and lower surfaces.
95
0.
00
0.
00
5
0.
01
0.
01
5
0.
02
0.
02
5
−
0.
5
0.
0
0.
5
 
1.
0
1.
5
C d
C l
Cl
ea
n
0.
00
45
" t
rip
 u
.s
. x
/c
 =
 4
4%
, l
.s
. x
/c
 =
 4
0%
R
ib
le
ts
 u
.s
./l
.s
. t
ur
bu
le
nt
R
ib
le
ts
 u
.s
./l
.s
. t
ur
bu
le
nt
 w
ith
 tr
ip
S8
09
62
−µ
m
 r
ib
le
ts
, R
e 
= 
1,
85
0,
00
0
−
10
0
10
20
−
0.
5
0.
0
0.
5
1.
0
1.
5
2.
0
∆C
d 
(%
)
C l
Figure 3.50: Drag polar for the S809 at Re = 1,850,000 with 62-µm riblets in the turbulent areas and
0.0045-in trips at x/c = 44% and x/c = 40% on the upper and lower surfaces.
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Figure 3.51: Lift and pitching moment for the S809 with 100-µm riblets on the upper surface turbulent area.
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Figure 3.51: (continued) Lift and pitching moment for the S809 with 100-µm riblets on the upper surface
turbulent area.
98
0.
00
0.
00
5
0.
01
0.
01
5
0.
02
0.
02
5
−
0.
5
0.
0
0.
5
1.
0
1.
5
C d
C l
R
e 
= 
1,
00
0,
00
0
R
e 
= 
1,
50
0,
00
0
R
e 
= 
1,
85
0,
00
0
S8
09
10
0−
µm
 r
ib
le
ts
, u
.s
. t
ur
bu
le
nt
−
10
0
10
20
−
0.
5
0.
0
0.
5
1.
0
1.
5
2.
0
α
 
(de
g)
C l
Figure 3.52: Drag polar for the S809 with 100-µm riblets on the upper surface turbulent area.
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Figure 3.53: Lift and pitching moment for the S809 with 100-µm riblets on the upper surface turbulent area
and a 0.0045-in trip on the upper surface at x/c = 44%.
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Figure 3.53: (continued) Lift and pitching moment for the S809 with 100-µm riblets on the upper surface
turbulent area and a 0.0045-in trip on the upper surface at x/c = 44%.
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Figure 3.54: Drag polar for the S809 with 100-µm riblets on the upper surface turbulent area and a 0.0045-in
trip on the upper surface at x/c = 44%.
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Figure 3.55: Lift and pitching moment for the S809 with 100-µm riblets on the lower surface turbulent area.
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Figure 3.55: (continued) Lift and pitching moment for the S809 with 100-µm riblets on the lower surface
turbulent area.
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Figure 3.56: Drag polar for the S809 with 100-µm riblets on the lower surface turbulent area.
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Figure 3.57: Lift and pitching moment for the S809 with 100-µm riblets on the lower surface turbulent area
and a 0.0045-in trip on the lower surface at x/c = 40%.
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Figure 3.57: (continued) Lift and pitching moment for the S809 with 100-µm riblets on the lower surface
turbulent area and a 0.0045-in trip on the lower surface at x/c = 40%.
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Figure 3.58: Drag polar for the S809 with 100-µm riblets on the lower surface turbulent area and a 0.0045-in
trip on the lower surface at x/c = 40%.
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Figure 3.59: Lift and pitching moment for the S809 with 100-µm riblets on the upper and lower surface
turbulent areas.
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Figure 3.59: (continued) Lift and pitching moment for the S809 with 100-µm riblets on the upper and lower
surface turbulent areas.
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Figure 3.60: Drag polar for the S809 with 100-µm riblets on the upper and lower surface turbulent areas.
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Figure 3.61: Lift and pitching moment for the S809 with 100-µm riblets on the upper and lower surface
turbulent areas and 0.0045-in trips on the upper surface at x/c = 44% and lower surface at x/c = 44%.
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Figure 3.61: (continued) Lift and pitching moment for the S809 with 100-µm riblets on the upper and
lower surface turbulent areas and0.0045-in trips on the upper surface at x/c = 44% and lower surface at
x/c = 44%.
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Figure 3.62: Drag polar for the S809 with 100-µm riblets on the upper and lower surface turbulent areas
and 0.0045-in trips on the upper surface at x/c = 44% and lower surface at x/c = 44%.
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Figure 3.63: Drag polar for the S809 at Re = 1,000,000 with 100-µm riblets in the turbulent area and a
0.0045-in trip at x/c = 44% on the upper surface.
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Figure 3.64: Drag polar for the S809 at Re = 1,500,000 with 100-µm riblets in the turbulent area and a
0.0045-in trip at x/c = 44% on the upper surface.
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Figure 3.65: Drag polar for the S809 at Re = 1,850,000 with 100-µm riblets in the turbulent area and a
0.0045-in trip at x/c = 44% on the upper surface.
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Figure 3.66: Drag polar for the S809 at Re = 1,000,000 with 100-µm riblets in the turbulent area and a
0.0045-in trip at x/c = 40% on the lower surface.
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Figure 3.67: Drag polar for the S809 at Re = 1,500,000 with 100-µm riblets in the turbulent area and a
0.0045-in trip at x/c = 40% on the lower surface.
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Figure 3.68: Drag polar for the S809 at Re = 1,850,000 with 100-µm riblets in the turbulent area and a
0.0045-in trip at x/c = 40% on the lower surface.
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Figure 3.69: Drag polar for the S809 at Re = 1,000,000 with 100-µm riblets in the turbulent areas and
0.0045-in trips at x/c = 44% and x/c = 40% on the upper and lower surfaces.
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Figure 3.70: Drag polar for the S809 at Re = 1,500,000 with 100-µm riblets in the turbulent areas and
0.0045-in trips at x/c = 44% and x/c = 40% on the upper and lower surfaces.
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Figure 3.71: Drag polar for the S809 at Re = 1,850,000 with 100-µm riblets in the turbulent areas and
0.0045-in trips at x/c = 44% and x/c = 40% on the upper and lower surfaces.
123
−
20
−
10
0
10
20
−
1.
0
−
0.
5
0.
0
0.
5
1.
0
1.
5
α
 
(de
g)
C l
S8
09
15
0−
µm
 r
ib
le
ts
, u
.s
. t
ur
bu
le
nt
R
e 
= 
1,
00
0,
00
0
C m 0.20.10.0
−
0.
1
−
0.
2
−
0.
3
−
20
−
10
0
10
20
−
1.
0
−
0.
5
0.
0
0.
5
1.
0
1.
5
α
 
(de
g)
C l
S8
09
15
0−
µm
 r
ib
le
ts
, u
.s
. t
ur
bu
le
nt
R
e 
= 
1,
50
0,
00
0
C m 0.20.10.0
−
0.
1
−
0.
2
−
0.
3
Figure 3.72: Lift and pitching moment for the S809 with 150-µm riblets on the upper surface turbulent area.
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Figure 3.72: (continued) Lift and pitching moment for the S809 with 150-µm riblets on the upper surface
turbulent area.
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Figure 3.73: Drag polar for the S809 with 150-µm riblets on the upper surface turbulent area.
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Figure 3.74: Lift and pitching moment for the S809 with 150-µm riblets on the upper surface turbulent area
and a 0.0045-in trip on the upper surface at x/c = 44%.
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Figure 3.74: (continued) Lift and pitching moment for the S809 with 150-µm riblets on the upper surface
turbulent area and a 0.0045-in trip on the upper surface at x/c = 44%.
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Figure 3.75: Drag polar for the S809 with 150-µm riblets on the upper surface turbulent area and a 0.0045-in
trip on the upper surface at x/c = 44%.
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Figure 3.76: Lift and pitching moment for the S809 with 150-µm riblets on the lower surface turbulent area.
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Figure 3.76: (continued) Lift and pitching moment for the S809 with 150-µm riblets on the lower surface
turbulent area.
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Figure 3.77: Drag polar for the S809 with 150-µm riblets on the lower surface turbulent area.
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Figure 3.78: Lift and pitching moment for the S809 with 150-µm riblets on the lower surface turbulent area
and a 0.0045-in trip on the lower surface at x/c = 40%.
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Figure 3.78: (continued) Lift and pitching moment for the S809 with 150-µm riblets on the lower surface
turbulent area and a 0.0045-in trip on the lower surface at x/c = 40%.
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Figure 3.79: Drag polar for the S809 with 150-µm riblets on the lower surface turbulent area and a 0.0045-in
trip on the lower surface at x/c = 40%.
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Figure 3.80: Lift and pitching moment for the S809 with 150-µm riblets on the upper and lower surface
turbulent areas.
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Figure 3.80: (continued) Lift and pitching moment for the S809 with 150-µm riblets on the upper and lower
surface turbulent areas.
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Figure 3.81: Drag polar for the S809 with 150-µm riblets on the upper and lower surface turbulent areas.
138
−
20
−
10
0
10
20
−
1.
0
−
0.
5
0.
0
0.
5
1.
0
1.
5
α
 
(de
g)
C l
S8
09
15
0−
µm
 r
ib
le
ts
, u
.s
./l
.s
. t
ur
bu
le
nt
 w
ith
 tr
ip
R
e 
= 
1,
00
0,
00
0
C m 0.20.10.0
−
0.
1
−
0.
2
−
0.
3
−
20
−
10
0
10
20
−
1.
0
−
0.
5
0.
0
0.
5
1.
0
1.
5
α
 
(de
g)
C l
S8
09
15
0−
µm
 r
ib
le
ts
, u
.s
./l
.s
. t
ur
bu
le
nt
 w
ith
 tr
ip
R
e 
= 
1,
50
0,
00
0
C m 0.20.10.0
−
0.
1
−
0.
2
−
0.
3
Figure 3.82: Lift and pitching moment for the S809 with 150-µm riblets on the upper and lower surface
turbulent areas and 0.0045-in trips on the upper surface at x/c = 44% and lower surface at x/c = 44%.
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Figure 3.82: (continued) Lift and pitching moment for the S809 with 150-µm riblets on the upper and
lower surface turbulent areas and0.0045-in trips on the upper surface at x/c = 44% and lower surface at
x/c = 44%.
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Figure 3.83: Drag polar for the S809 with 150-µm riblets on the upper and lower surface turbulent areas
and 0.0045-in trips on the upper surface at x/c = 44% and lower surface at x/c = 44%.
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Figure 3.84: Drag polar for the S809 at Re = 1,000,000 with 150-µm riblets in the turbulent area and a
0.0045-in trip at x/c = 44% on the upper surface.
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Figure 3.85: Drag polar for the S809 at Re = 1,500,000 with 150-µm riblets in the turbulent area and a
0.0045-in trip at x/c = 44% on the upper surface.
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Figure 3.86: Drag polar for the S809 at Re = 1,850,000 with 150-µm riblets in the turbulent area and a
0.0045-in trip at x/c = 44% on the upper surface.
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Figure 3.87: Drag polar for the S809 at Re = 1,000,000 with 150-µm riblets in the turbulent area and a
0.0045-in trip at x/c = 40% on the lower surface.
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Figure 3.88: Drag polar for the S809 at Re = 1,500,000 with 150-µm riblets in the turbulent area and a
0.0045-in trip at x/c = 40% on the lower surface.
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Figure 3.89: Drag polar for the S809 at Re = 1,850,000 with 150-µm riblets in the turbulent area and a
0.0045-in trip at x/c = 40% on the lower surface.
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Figure 3.90: Drag polar for the S809 at Re = 1,000,000 with 150-µm riblets in the turbulent areas and
0.0045-in trips at x/c = 44% and x/c = 40% on the upper and lower surfaces.
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Figure 3.91: Drag polar for the S809 at Re = 1,500,000 with 150-µm riblets in the turbulent areas and
0.0045-in trips at x/c = 44% and x/c = 40% on the upper and lower surfaces.
149
0.
00
0.
00
5
0.
01
0.
01
5
0.
02
0.
02
5
−
0.
5
0.
0
0.
5
 
1.
0
1.
5
C d
C l
Cl
ea
n
0.
00
45
" t
rip
 u
.s
. x
/c
 =
 4
4%
, l
.s
. x
/c
 =
 4
0%
R
ib
le
ts
 u
.s
./l
.s
. t
ur
bu
le
nt
R
ib
le
ts
 u
.s
./l
.s
. t
ur
bu
le
nt
 w
ith
 tr
ip
S8
09
15
0−
µm
 r
ib
le
ts
, R
e 
= 
1,
85
0,
00
0
−
10
0
10
20
−
0.
5
0.
0
0.
5
1.
0
1.
5
2.
0
∆C
d 
(%
)
C l
Figure 3.92: Drag polar for the S809 at Re = 1,850,000 with 150-µm riblets in the turbulent areas and
0.0045-in trips at x/c = 44% and x/c = 40% on the upper and lower surfaces.
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Figure 3.93: Lift and pitching moment for the clean DU 96-W-180.
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Figure 3.93: (continued) Lift and pitching moment for the clean DU 96-W-180.
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Figure 3.94: Drag polar for the clean DU 96-W-180.
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Figure 3.95: Lift and pitching moment for the DU 96-W-180 with 44-µm riblets on the upper surface
turbulent area.
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Figure 3.95: (continued) Lift and pitching moment for the DU 96-W-180 with 44-µm riblets on the upper
surface turbulent area.
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Figure 3.96: Drag polar for the DU 96-W-180 with 44-µm riblets on the upper surface turbulent area.
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Figure 3.97: Lift and pitching moment for the DU 96-W-180 with 44-µm riblets on the lower surface turbulent
area.
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Figure 3.97: (continued) Lift and pitching moment for the DU 96-W-180 with 44-µm riblets on the lower
surface turbulent area.
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Figure 3.98: Drag polar for the DU 96-W-180 with 44-µm riblets on the lower surface turbulent area.
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Figure 3.99: Lift and pitching moment for the DU 96-W-180 with 44-µm riblets on the upper and lower
surface turbulent areas.
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Figure 3.99: (continued) Lift and pitching moment for the DU 96-W-180 with 44-µm riblets on the upper
and lower surface turbulent areas.
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Figure 3.100: Drag polar for the DU 96-W-180 with 44-µm riblets on the upper and lower surface turbulent
areas.
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Figure 3.101: Drag polar for the DU 96-W-180 at Re = 1,000,000 with 44-µm riblets in the turbulent areas.
163
0.
00
0.
00
5
0.
01
0.
01
5
0.
02
0.
02
5
−
0.
5
0.
0
0.
5
1.
0
1.
5
C d
C l
Cl
ea
n
R
ib
le
ts
 u
.s
. t
ur
bu
le
nt
R
ib
le
ts
 l.
s.
 tu
rb
ul
en
t
R
ib
le
ts
 u
.s
./l
.s
. t
ur
bu
le
nt
D
U 
96
−W
−1
80
44
−µ
m
 r
ib
le
ts
, R
e 
= 
1,
50
0,
00
0
−
10
0
10
20
−
0.
5
0.
0
0.
5
1.
0
1.
5
2.
0
∆C
d 
(%
)
C l
Figure 3.102: Drag polar for the DU 96-W-180 at Re = 1,500,000 with 44-µm riblets in the turbulent areas.
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Figure 3.103: Drag polar for the DU 96-W-180 at Re = 1,850,000 with 44-µm riblets in the turbulent areas.
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Figure 3.104: Lift and pitching moment for the DU 96-W-180 with 62-µm riblets on the upper surface
turbulent area.
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Figure 3.104: (continued) Lift and pitching moment for the DU 96-W-180 with 62-µm riblets on the upper
surface turbulent area.
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Figure 3.105: Drag polar for the DU 96-W-180 with 62-µm riblets on the upper surface turbulent area.
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Figure 3.106: Lift and pitching moment for the DU 96-W-180 with 62-µm riblets on the lower surface
turbulent area.
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Figure 3.106: (continued) Lift and pitching moment for the DU 96-W-180 with 62-µm riblets on the lower
surface turbulent area.
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Figure 3.107: Drag polar for the DU 96-W-180 with 62-µm riblets on the lower surface turbulent area.
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Figure 3.108: Lift and pitching moment for the DU 96-W-180 with 62-µm riblets on the upper and lower
surface turbulent areas.
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Figure 3.108: (continued) Lift and pitching moment for the DU 96-W-180 with 62-µm riblets on the upper
and lower surface turbulent areas.
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Figure 3.109: Drag polar for the DU 96-W-180 with 62-µm riblets on the upper and lower surface turbulent
areas.
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Figure 3.110: Drag polar for the DU 96-W-180 at Re = 1,000,000 with 62-µm riblets in the turbulent areas.
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Figure 3.111: Drag polar for the DU 96-W-180 at Re = 1,500,000 with 62-µm riblets in the turbulent areas.
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Figure 3.112: Drag polar for the DU 96-W-180 at Re = 1,850,000 with 62-µm riblets in the turbulent areas.
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Figure 3.113: Lift and pitching moment for the DU 96-W-180 with 100-µm riblets on the upper surface
turbulent area.
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Figure 3.113: (continued) Lift and pitching moment for the DU 96-W-180 with 100-µm riblets on the upper
surface turbulent area.
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Figure 3.114: Drag polar for the DU 96-W-180 with 100-µm riblets on the upper surface turbulent area.
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Figure 3.115: Lift and pitching moment for the DU 96-W-180 with 100-µm riblets on the lower surface
turbulent area.
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Figure 3.115: (continued) Lift and pitching moment for the DU 96-W-180 with 100-µm riblets on the lower
surface turbulent area.
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Figure 3.116: Drag polar for the DU 96-W-180 with 100-µm riblets on the lower surface turbulent area.
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Figure 3.117: Lift and pitching moment for the DU 96-W-180 with 100-µm riblets on the upper and lower
surface turbulent areas.
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Figure 3.117: (continued) Lift and pitching moment for the DU 96-W-180 with 100-µm riblets on the upper
and lower surface turbulent areas.
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Figure 3.118: Drag polar for the DU 96-W-180 with 100-µm riblets on the upper and lower surface turbulent
areas.
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Figure 3.119: Drag polar for the DU 96-W-180 at Re = 1,000,000 with 100-µm riblets in the turbulent areas.
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Figure 3.120: Drag polar for the DU 96-W-180 at Re = 1,500,000 with 100-µm riblets in the turbulent areas.
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Figure 3.121: Drag polar for the DU 96-W-180 at Re = 1,850,000 with 100-µm riblets in the turbulent areas.
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Figure 3.122: Lift and pitching moment for the DU 96-W-180 with 150-µm riblets on the upper surface
turbulent area.
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Figure 3.122: (continued) Lift and pitching moment for the DU 96-W-180 with 150-µm riblets on the upper
surface turbulent area.
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Figure 3.123: Drag polar for the DU 96-W-180 with 150-µm riblets on the upper surface turbulent area.
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Figure 3.124: Lift and pitching moment for the DU 96-W-180 with 150-µm riblets on the lower surface
turbulent area.
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Figure 3.124: (continued) Lift and pitching moment for the DU 96-W-180 with 150-µm riblets on the lower
surface turbulent area.
194
0.
00
0.
00
5
0.
01
0.
01
5
0.
02
0.
02
5
−
0.
5
0.
0
0.
5
1.
0
1.
5
C d
C l
R
e 
= 
1,
00
0,
00
0
R
e 
= 
1,
50
0,
00
0
R
e 
= 
1,
85
0,
00
0
D
U 
96
−W
−1
80
15
0−
µm
 r
ib
le
ts
, l
.s
. t
ur
bu
le
nt
−
10
0
10
20
−
0.
5
0.
0
0.
5
1.
0
1.
5
2.
0
α
 
(de
g)
C l
Figure 3.125: Drag polar for the DU 96-W-180 with 150-µm riblets on the lower surface turbulent area.
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Figure 3.126: Lift and pitching moment for the DU 96-W-180 with 150-µm riblets on the upper and lower
surface turbulent areas.
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Figure 3.126: (continued) Lift and pitching moment for the DU 96-W-180 with 150-µm riblets on the upper
and lower surface turbulent areas.
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Figure 3.127: Drag polar for the DU 96-W-180 with 150-µm riblets on the upper and lower surface turbulent
areas.
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Figure 3.128: Drag polar for the DU 96-W-180 at Re = 1,000,000 with 150-µm riblets in the turbulent areas.
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Figure 3.129: Drag polar for the DU 96-W-180 at Re = 1,500,000 with 150-µm riblets in the turbulent areas.
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Figure 3.130: Drag polar for the DU 96-W-180 at Re = 1,850,000 with 150-µm riblets in the turbulent areas.
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Figure 3.131: Lift and pitching moment for the DU 96-W-180 with skipped tooth riblets having a riblet
height of 40 µm, riblet spacing of 80 µm and peak angle of 30 deg on the upper and lower surface turbulent
areas.
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Figure 3.131: (continued) Lift and pitching moment for the DU 96-W-180 with skipped tooth riblets having
a riblet height of 40 µm, riblet spacing of 80 µm and peak angle of 30 deg on the upper and lower surface
turbulent areas.
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Figure 3.132: Drag polar for the DU 96-W-180 with skipped tooth riblets having a riblet height of 40 µm,
riblet spacing of 80 µm and peak angle of 30 deg on the upper and lower surface turbulent areas.
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Figure 3.133: Drag polar for the DU 96-W-180 at Re = 1,000,000 with skipped tooth riblets having a riblet
height of 40 µm, riblet spacing of 80 µm and peak angle of 30 deg in the turbulent areas.
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Figure 3.134: Drag polar for the DU 96-W-180 at Re = 1,500,000 with skipped tooth riblets having a riblet
height of 40 µm, riblet spacing of 80 µm and peak angle of 30 deg in the turbulent areas.
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Figure 3.135: Drag polar for the DU 96-W-180 at Re = 1,850,000 with skipped tooth riblets having a riblet
height of 40 µm, riblet spacing of 80 µm and peak angle of 30 deg in the turbulent areas.
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Figure 3.136: Lift and pitching moment for the DU 96-W-180 with skipped tooth riblets having a riblet
height of 40 µm, riblet spacing of 80 µm and peak angle of 53 deg on the upper and lower surface turbulent
areas.
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Figure 3.136: (continued) Lift and pitching moment for the DU 96-W-180 with skipped tooth riblets having
a riblet height of 40 µm, riblet spacing of 80 µm and peak angle of 53 deg on the upper and lower surface
turbulent areas.
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Figure 3.137: Drag polar for the DU 96-W-180 with skipped tooth riblets having a riblet height of 40 µm,
riblet spacing of 80 µm and peak angle of 53 deg on the upper and lower surface turbulent areas.
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Figure 3.138: Drag polar for the DU 96-W-180 at Re = 1,000,000 with skipped tooth riblets having a riblet
height of 40 µm, riblet spacing of 80 µm and peak angle of 53 deg in the turbulent areas.
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Figure 3.139: Drag polar for the DU 96-W-180 at Re = 1,500,000 with skipped tooth riblets having a riblet
height of 40 µm, riblet spacing of 80 µm and peak angle of 53 deg in the turbulent areas.
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Figure 3.140: Drag polar for the DU 96-W-180 at Re = 1,850,000 with skipped tooth riblets having a riblet
height of 40 µm, riblet spacing of 80 µm and peak angle of 53 deg in the turbulent areas.
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Figure 3.141: Lift and pitching moment for the DU 96-W-180 with skipped tooth riblets having a riblet
height of 80 µm, riblet spacing of 80 µm and peak angle of 30 deg on the upper and lower surface turbulent
areas.
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Figure 3.141: (continued) Lift and pitching moment for the DU 96-W-180 with skipped tooth riblets having
a riblet height of 80 µm, riblet spacing of 80 µm and peak angle of 30 deg on the upper and lower surface
turbulent areas.
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Figure 3.142: Drag polar for the DU 96-W-180 with skipped tooth riblets having a riblet height of 80 µm,
riblet spacing of 80 µm and peak angle of 30 deg on the upper and lower surface turbulent areas.
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Figure 3.143: Drag polar for the DU 96-W-180 at Re = 1,000,000 with skipped tooth riblets having a riblet
height of 80 µm, riblet spacing of 80 µm and peak angle of 30 deg in the turbulent areas.
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Figure 3.144: Drag polar for the DU 96-W-180 at Re = 1,500,000 with skipped tooth riblets having a riblet
height of 80 µm, riblet spacing of 80 µm and peak angle of 30 deg in the turbulent areas.
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Figure 3.145: Drag polar for the DU 96-W-180 at Re = 1,850,000 with skipped tooth riblets having a riblet
height of 80 µm, riblet spacing of 80 µm and peak angle of 30 deg in the turbulent areas.
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Figure 3.146: Lift and pitching moment for the DU 96-W-180 with skipped tooth riblets having a riblet
height of 80 µm, riblet spacing of 80 µm and peak angle of 53 deg on the upper and lower surface turbulent
areas.
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Figure 3.146: (continued) Lift and pitching moment for the DU 96-W-180 with skipped tooth riblets having
a riblet height of 80 µm, riblet spacing of 80 µm and peak angle of 53 deg on the upper and lower surface
turbulent areas.
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Figure 3.147: Drag polar for the DU 96-W-180 with skipped tooth riblets having a riblet height of 80 µm,
riblet spacing of 80 µm and peak angle of 53 deg on the upper and lower surface turbulent areas.
222
0.
00
0.
00
5
0.
01
0.
01
5
0.
02
0.
02
5
−
0.
5
0.
0
0.
5
1.
0
1.
5
C d
C l
Cl
ea
n
R
ib
le
ts
D
U 
96
−W
−1
80
80
−µ
m
 r
ib
le
ts
 (p
 = 
80
 µm
, 
θ 
=
 
53
 d
eg
)
R
e 
= 
1,
00
0,
00
0
−
10
0
10
20
−
0.
5
0.
0
0.
5
1.
0
1.
5
2.
0
∆C
d 
(%
)
C l
Figure 3.148: Drag polar for the DU 96-W-180 at Re = 1,000,000 with skipped tooth riblets having a riblet
height of 80 µm, riblet spacing of 80 µm and peak angle of 53 deg in the turbulent areas.
223
0.
00
0.
00
5
0.
01
0.
01
5
0.
02
0.
02
5
−
0.
5
0.
0
0.
5
1.
0
1.
5
C d
C l
Cl
ea
n
R
ib
le
ts
D
U 
96
−W
−1
80
80
−µ
m
 r
ib
le
ts
 (p
 = 
80
 µm
, 
θ 
=
 
53
 d
eg
)
R
e 
= 
1,
50
0,
00
0
−
10
0
10
20
−
0.
5
0.
0
0.
5
1.
0
1.
5
2.
0
∆C
d 
(%
)
C l
Figure 3.149: Drag polar for the DU 96-W-180 at Re = 1,500,000 with skipped tooth riblets having a riblet
height of 80 µm, riblet spacing of 80 µm and peak angle of 53 deg in the turbulent areas.
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Figure 3.150: Drag polar for the DU 96-W-180 at Re = 1,850,000 with skipped tooth riblets having a riblet
height of 80 µm, riblet spacing of 80 µm and peak angle of 53 deg in the turbulent areas.
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Figure 3.151: Lift and pitching moment for the DU 96-W-180 with skipped tooth riblets having a riblet
height of 80 µm, riblet spacing of 150 µm and peak angle of 53 deg on the upper and lower surface turbulent
areas.
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Figure 3.151: (continued) Lift and pitching moment for the DU 96-W-180 with skipped tooth riblets having
a riblet height of 80 µm, riblet spacing of 150 µm and peak angle of 53 deg on the upper and lower surface
turbulent areas.
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Figure 3.152: Drag polar for the DU 96-W-180 with skipped tooth riblets having a riblet height of 80 µm,
riblet spacing of 150 µm and peak angle of 53 deg on the upper and lower surface turbulent areas.
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Figure 3.153: Drag polar for the DU 96-W-180 at Re = 1,000,000 with skipped tooth riblets having a riblet
height of 80 µm, riblet spacing of 150 µm and peak angle of 53 deg in the turbulent areas.
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Figure 3.154: Drag polar for the DU 96-W-180 at Re = 1,500,000 with skipped tooth riblets having a riblet
height of 80 µm, riblet spacing of 150 µm and peak angle of 53 deg in the turbulent areas.
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Figure 3.155: Drag polar for the DU 96-W-180 at Re = 1,850,000 with skipped tooth riblets having a riblet
height of 80 µm, riblet spacing of 150 µm and peak angle of 53 deg in the turbulent areas.
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Figure 3.156: Percent drag reduction variation with riblet size for the S809 at Re = 1,500,000 and riblets in
the upper and lower surface turbulent regions without trips.
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Figure 3.157: Percent drag reduction variation with riblet size for the DU 96-W-180 at Re = 1,500,000 and
riblets in the upper and lower surface turbulent regions.
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Figure 3.158: Percent drag reduction variation with riblet size for the S809 at Cl = 0.5 and riblets in the
upper and lower surface turbulent regions without trips.
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Figure 3.159: Percent drag reduction variation with riblet size for the DU 96-W-180 at Cl = 0.7 and riblets
in the upper and lower surface turbulent regions.
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Chapter 4
Summary and Conclusions
Various configurations of riblet films were tested at three Reynolds numbers on the S809 and DU 96-W-180
airfoils. Samples tested included five different sized symmetrical V-shaped riblet films and four skipped-tooth
riblet films of varying height, peak-to-peak spacing and peak angle. Results showed that drag reduction due
to riblets depends on variables such as the size and location of the riblet film, riblet geometry, angle of
attack, and Reynolds number. Riblet performance was also found to be highly dependent on the airfoil on
which they are applied. The S809 airfoil was found to be non-conducive to riblet film and consequently,
no significant performance benefit was observed by using riblets. For the DU 96-W-180 airfoil, however, an
average drag reduction of 2–4% was observed for a range of riblet sizes and Reynolds numbers.
Results from the DU 96-W-180 airfoil tests revealed that despite the variables involved, there existed
an optimal riblet size that produced maximum drag reduction. For the configurations tested, the optimal
riblet size was found to be 62 µm. This size was in agreement with theoretical predictions and showed that
riblet theory, which is based on a flat plate boundary layer, can be applied to airfoils as well. Optimally
sized riblets, when applied in the turbulent region, produced a drag reduction of 4–5%. Non-optimal riblet
sizes, on the other hand, increased drag up to 10–12% in some cases. It was also observed that the Reynolds
number at which riblets are most effective increases as the riblet size increases, which was again, in agreement
with riblet theory. Testing of the skipped-tooth riblet films showed the effect of varying riblet geometries
on the drag reducing properties of riblet film. While thinner and further spaced peaks did improve the
performance of the film at lower Reynolds numbers, the change was insignificant and diminished as the
Reynolds number increased. Therefore, it was concluded that there was no apparent advantage of using
skipped-tooth configurations instead of the conventional symmetrical riblets.
Due to the highly sensitive nature of riblets to the type of airfoil and other variables, further testing of
riblet film of various sizes and geometries on different airfoils over a wider range of Reynolds numbers would
provide valuable insight into riblet performance and help expand on trends observed in this study. In spite
of the large variation in riblet performance, results from this study showed that it is possible to select a
riblet size that performs well over a range of Reynolds numbers and angles of attack. Thus, well-designed
234
airfoils that take advantage of riblet film technology and careful selection of optimally sized riblets based
on the knowledge of the operating conditions could potentially enable riblets to be used effectively in real
world applications such as wind turbines.
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